A series of upward flame spread tests on different wood products was carried out on 2.4 m and 7.2 m high wall assemblies. The ignition source was a 1.2 m wide and 0.1 m deep propane diffusion burner applied usually at a rate of 100 kW. The measurements included gas and surface temperatures, heat fluxes to the specimen, rate of heat release, etc. After an initial growing fire, a period of decay was observed until the lower parts of the wall started to burn through. If the rear side of the board was insulated, a second phase of increased flame spread was observed, whereas in the case of a conducting substrate the intensity of the fire remained low. A thermal flame spread model was successfully applied to simulate the rate of heat release as a function of time.
INTRODUCTION
In a room fire the first item ignited is typically a piece of furniture, a waste basket, an electrical appliance, a heating device, etc. standing on the floor. If the item is close to a wall which is covered with a combustible material, the lining may ignite and start spreading the fire. Upward flame spread is especially significant, if the flames from the ignition source are impinging on the linings. The time-scale of the development of fire depends both on the size of the ignition source and the properties of the wall linings. At a later phase, a hot smoke layer may be developed under the ceiling speeding up the fire development by radiative feedback to the wall surface.
During the last 10 -15 years a number of groups have studied upward or concurrent flame spread on flat walls. Detailed experiments have been carried out in both small and large scale. Theoretical models of various levels of complexity have been developed. The work that is closest to our aims is that in which so called thermal models of flame spread have been developed. A recent text-book treatise of the subject has been given by Thomas [I] .
The term 'thermal upward flame spread model' refers to a model in which all the reaction chemistry is simplified by assuming the surface to be ignited at a given ignition temperature and by taking into account the flame as a source of heat towards the surface. Saito et al. [2] described the upward spread by a one-dimensional differential equation where x, is the distance of the ignition front from the base of the fire, xfis the flame height and
, is a characteristic time taken as the time to ignition t, under an appropriate heat flux.
Thomas and Karlsson [3] showed that eq. (1) can be solved analytically, if the flame length xf is assumed to depend linearly on the rate of heat release per unit width of the wall, xf = KQ, and if the rate of heat release per unit area is assumed to decay exponentially as a function of time.
By using the assumptions of Thomas and Karlsson, Baroudi and Kokkala [4] showed that the flame spread behaviour can be described as a phase plane of t , [9, 10] . Numerous other significant pieces of work should be referred to, but due to space limitations are omitted here.
In this work we have studied the upward flame spread along a wall initiated by a flaming ignition source. We have simplified the hazard scenario described above by using a gas burner against the wall. The burner was too deep to be regarded as a line burner, but long enough for the scenario to be regarded as two-dimensional to simplify the subsequent analysis of test results.
This work was part of a larger project with an aim to investigate the fire safety of wood products in larger buildings. The goal of this work was to develop a model to evaluate the potential for fire growth in high open spaces. This allowed us to neglect the effects of the upper layer radiation, and to run the tests without external radiation. Our main interest has been to determine the development of the rate of heat release as a function of time, whereas in related earlier experimental projects, measurements have been done mainly to trace the location of the pyrolysis front or the mass loss rate [l 1, 121. In standard tests like the roodcomer test the f~e development is highly influenced by the room effects.
EXPERIMENTAL ARRANGEMENT
The test set-up is schematically shown in figure 1. Tests were made both on 2.4 m high and 7.5 m high walls. The lower system was equipped with instrumentation for the measurement of rate of heat release essentially as in the standard furniture calorimeter. All the comparisons of experimental and calculated results are made with the tests on the lower wall. The performance of the products on the higher wall are only briefly referred to.
The product to be studied was mounted as a standard size (1.2 m wide) wall board on a vertical wood-framed sample holder. The backing of the board was either a 50 mm thick mineral wool or a 10 mm thick calcium silicate board. The assembly was located under a 3 m x 3 m gas collection hood.
The propane burner was a 1.2 m x 0.1 m and 0.1 m high sand-filled diffusion burner constructed in the same way as the square burners in the standard roomicomer tests. heights along the centre line of the specimen.
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Heat flux emitted out of the wall was also
I'
GAS COLLECmeasured with a similar gauge. Close to the top of the specimen a rake of bi-directional probes was used to measure the flow velocity distribution in the wall plume. At the inlet of the exhaust duct the temperature was measured to TESTSPECIMEN enable the evaluation of the convective heat 1 .2m x 2 . 4 m output. Farther in the duct the concentration of CO was measured for the purpose of estimating the CO yield in the fire. The standard instrumentation was also used to measure the (maw. 300 kw) total heat release rate by oxygen consumption.
FIGURE. 1. Schematic picture of the upward flame spread test arrangement.
TEST PROGRAMME
A description of the products in each of the seven tests is given in table 1. In addition tests were run on a noncombustible calcium silicate board to characterise the burner flame. The peak heat release rate and the time to ignition at 25 kW/m2 for each of the products was determined in the Cone calorimeter. The Cone calorimeter samples were cut from the board subsequently installed to the large-scale test. The small and the large-scale specimens were kept together under the same conditions until the Cone calorimeter specimen was put into a vapour-tight plastic bag only a few minutes before the commencement of the large-scale test. The measured rate of heat release per unit area as a function of time in the Cone calorimeter tests at irradiance levels of 25 kw/m2 are shown in figure 2. A detailed report [13] of the tests is also available with tabulation of all the test data as a function of time. Photographs are also presented in that report to illustrate the fire behaviour. The tabulated data in electronic form is available from the authors at request.
IGNITION SOURCE CHARACTERISTICS
One of the key assumptions in the thermal flame spread models is how the flame height xf is expressed as a function of rate of heat release. Figure 3 shows the flame height on a noncombustible wall as a function of burner output. A straight line fit appears to be the best possible choice, i.e., we can with good reason assume that the exponent n = 1. From the slope of the flame height fit we get K = 5.8 x 10'~ m 2 k w or as rate of heat release per unit area of flame E" = 166 kw/m2. By fixing the exponent to 213, i.e.
we get K=0.043 m113/k~213, which is almost identical to that suggested by Delichatsios [14] . The constant B = -0.27 m.
The flame heat flux varied substantially as a function of height. With a burner output of 100 kW (83kW/m), the heat flux at a height of 250 mm above the surface was about 45 k~l m~ as measured with a Schmidt-Boelter type gauge. At a height of 645 mm, the heat flux was already slightly below 20 kw/m2. By increasing the burner output to 300 kW, the maximum heat flux increased only to about 50 k w h 2 and decreased down to less than 20 kw/m2 at a height of 1450 mm. 
THE MATHEMATICAL AND NUMERICAL FLAME SPREAD MODEL
The thermal flame spread model of eq. (1) is valid only if X , > X, . When the flame height starts to fall below the pyrolysis height during a flame recession period, the pyrolysis height will be constrained to follow the flame height. They will continue to be equal until the flame height begins to rise again. The pyrolysis cannot be maintained above the flame heated region but will be fully supported within it.
We shall use the flame spread model in the same way as Karlsson [5, 61 to predict the rate of heat release of the propagating fire. The positions of the pyrolysis front or the flame tip are only of secondary importance to us. They are effective parameters, which may be fitted in a way to result in an agreement with experiments.
The input data to our calculations is obtained by running Cone calorimeter tests at various heat flux levels. Because the flux level above the pyrolysis front varies as a function of time, we do not know a priori, which flux level is to be used. The flame height is calculated by integrating the rate of heat release of the product over the burning surface. The time constant (time to ignition) and the rate of heat release may, in principle, be taken at different levels of exposure, because the preheating flux and the flux to the burning surface may be different.
The
where n is a constant and y,, the initial pyrolysis height at the moment of ignition. The Model in eq. (2) does not take into account the burnthrough of the specimen, but a revision to include it would be straightforward. In our tests the flame was always continuous because of the gas burner.
The total heat release rate per unit width of wall is a sum of the contributions of the burner and the burning wall: Q'(Q = Q " (Q + Qfma, (t). The contribution of the burner is known a priori.
The unknown contribution of the burning material is
The non-linear initial value problem (2) is solved by numerical quadrature. Karlsson [6] like Grant and Drysdale [8] have developed numerical models, which instead of solving equation (2) directly solve a Volterra-type integral equation derived by Saito et. a1 [2] . However, it turns out to be a simpler procedure to solve the basic equation directly.
The initial value problem given in equation (2) is integrated using a conditionally stable explicit first order forward Euler method [15] . In this problem the stability condition requires a time step of integration At < 2 t i g . The condition is easy to meet, because the relevant times to ignition are in the range 10 -150 s. The total heat release is integrated using the trapezoidal
rule. If xp(t,) is known for a given ti, equation (I) is discretized explicitly as
From equation (4) we get the burning front as
The contribution of the material to the total heat release rate at time ti is found by evaluating the integral in eq. (3), making use of equation 5 and using a trapezoidal quadrature rule where the time interval fiom T = t, = 0 to z k = t, is discretized into k -I intervals such that T , = ti + (n -1) h and the time step size h = T, -T , . , . The weights are w, = h, except for n = 1 and n = k where we use w, = W2. The contribution of the burner is evaluated as e ; ( t i ) .
The origin of time is the moment when the wall behind the burner flame is ignited. Ideally, the burner flame and the wall flame would be similar, and we could assume the surface behind the burner flame to be ignited instantaneously. In practice, the burner flame is of different thickness and we have to estimate the initial pyrolysis height independently. At time t = t, = 0 we have
Consequently, the initial flame height is calculated as
The delay of ignition of the wall is taken into account as a shift of time after the numerical calculation has been completed.
The flame height for the next time step is given by Equation (9) accounts for the coincidence of the flame and pyrolysis heights during periods when the flame is receding.
The numerical procedure was verified by comparing against a known analytical solution.
COMPARISON OF CALCULATIONS WITH EXPERIMENTAL DATA
After a few rounds of trial and error, the next assumptions were fixed for later calculations.
a) The initial pyrolysis height was taken as 40 % of the measured flame height, i.e. 0.2 m for the 100 kW and 0.14 m for the 70 kW burner heat release rates.
b) The flame height depends on Q' linearly with K = 6.5 x 10" m 2 k w (E" = 154 k~/ m ? . This value is close to that of the burner flame only, but it is only about 65% of the value for the wall flames of burning particle board.
c) The initial ignition is assumed to take place at the same time of ignition as ignition would occur in the Cone calorimeter at an irradiance of 50 kw/m2. This level is close to the maximum heat flux measured behind the continuous flame close to the base of fire. The time to ignition is used as a shift of the time scale in the calculated heat release rate curves when comparing them with experiments.
d) The time constant t,, in the model is taken as the time to ignition measured in the Cone calorimeter at an irradiance of 25 kw/m2 as the time when the rate of heat release per unit area reached 50 kw/m2. These times to ignition are very close to those observed in the tests. With the values taken at the irradiance level of 50 kw/m2 the calculated fire spread rate turned out to be too fast. TlME (mln) TlME (rn~n) FIGURE 4. Measured and calculated FIGURE 5. Measured and calculated rates of heat release as a function of time rates of heat release as a function of tiin the test T25 1 1 : particle board on mineme in the test T1002: particle board on ral wool; burner output 100 kW. mineral wool; burner output 70 kW. FIGURE 6. Measured and calculated FIGURE 7. Measured and calculated rates of heat release as a function of time rates of heat release as a function of tiin the test T2312: particle board on calme in the test T0412: porous fibre board cium silicate board; burner output on mineral wool; burner output 100 kW. 100 kW.
e) The rate of heat release from the Cone is also taken at a level of 25 kw/m2. A heat flux of this order was measured behind the wall flame above the tips of the thicker burner flame. Heat flux levels of the same order have been found also by Hasemi et a1 [7] . Because much of the spreading took place behind the burner flame, we expected a higher flux level to be more appropriate. However, in the wall tests the rate of heat release per unit area was of the order of that in the Cone calorimeter at the lower irradiance level. The use of the heat release data from the 50 kw/m2 would require the flame length coefficient K to be forced unrealistically low.
Examples of the calculated and measured rate of heat release curves are shown in figures 4 -7. For the particle board on mineral wool (figures 4 and 5) the model is able to predict the first peak of heat release rate with very good accuracy. The effect of changing the burner output (70 kW or 100 kW) is predicted very well. The model was not able to predict the second peak in this case.
Except for rise in the beginning, there is excellent agreement between the calculated and measured curves in figure 6 for particle board using calcium silicate board as a backing. There is no second peak for either the calculated or measured curves. While the full scale tests exhibited a second peak for particle board with a mineral wool backing there was none when calcium silicate board was used. We may note that the Cone calorimeter data for the two cases do not differ so much, but the process of flame spread in this region is sensitive to even small variations in the heat release data as pointed out by Hasemi et al. [7] .
At the end of the tests after about 13 min the hot gases were penetrating to the back of the board causing the rear side also to participate to the burning. Due to the tight attachment of the board to the supporting studs, the contribution of the back side was not significant until pieces of the board started to fall.
In the case of the porous fibre board (figure 7) the model is able to reproduce the measured heat release rate curve with good accuracy, although the first peak is slightly out of phase. In the test there was a slight down turn after the second peak. Then there was a much larger third peak due to the early burn through in the test which was not accounted for in the model.
The calculated flame lengths were systematically shorter than the 50 % intermittency flame height in the tests. The reason for that is that the flame length coefficient has been taken to correspond to a value measured for the burner flame which is thicker than the flame from the burning surface.
DISCUSSION
In the large scale tests we have shown that the upward flame spread in a charring material like wood proceeds in two phases. (1) After ignition the flame spreads first but it stops after a few minutes. Then the rate of heat release begins to decrease. (2) Once the heat wave reaches the rear surface, the insulation causes the interior temperatures to increase and the rate of heat release per unit area increases again making the flame spread further up the wall. For some products the second peak flame height was even higher than the first. The rate of heat release curves for the wall resemble the familiar rate of heat release curves obtained in the Cone calorimeter tests, where the phenomenon is described and quantitatively modelled by Parker [16] . The peaks are here slightly flattened due to the different phases of burning at different locations on the wall.
One pair of tests was made where the only difference was in the substrate behind the wall board. With an insulating substrate we observed the characteristic two-phase flame spread discussed above. When the substrate was a calcium silicate board, the fire growth for the first few minutes was similar to that of the test with insulating substrate. However, no second peak of the rate of heat release was ever observed.
In the tests on the 7.5 m high wall, as reported in ref. [13] , the flame spread proceeded in several phases. High above the burner the spread became very slow and the fire so small that the burnout front and the pyrolysis front were not far apart. For example, in the case of the particle board it took some 40 minutes before the flames reached the upper edge at a height of 7.5 m. At the upper parts the fire was no longer spreading as a horizontal front but rather as a triangular one.
The results of the model calculations are very promising. However, further work is needed to systematically study the sensitivity of the results on the input parameters. With different parameter combinations one might, e.g., be able to use the Cone calorimeter data taken at an irradiance level other than 25 kw/m2. For this work data was also recorded at an irradiance level of 50 kw/m2, but that is apparently too high a level for our purposes. An intermediate level like 35 kw/m2 might be worth trying, because the measured heat fluxes behind the spreading flame were of that order. For practical applications, e.g., with bigger initial fires the appropriate levels may be different.
The model might be further improved by making rate of heat release measurements in the Cone calorimeter at different incident fluxes to establish an effective heat of gasification function that could be used to calculate the local rate of heat release in a flux field that varies with height.
In this work, like in several others, the thermal flame spread models prove to be successful in repeating the experimental results. However, no blind calculation tests have been done to predict a completely new type of scenario before running a single reference test. The critical parameter in the prediction is the initial surface area ignited, because the subsequent spread rate is highly dependent on the initial rate of heat release.
We have applied a linear flame height correlation, because the measurements with our burner supported this assumption. The numerical model described here can be used with any flame length correlation with equal ease. The theoretical models result in a non-linear dependence, and therefore more large-scale studies are needed to determine the flame heights of deep diffusion burners close to a wall. In some scenarios, the area first ignited may be a high and narrow stripe on the wall. In this case, the lateral spread close to the ignition source may be significant. Coupling of lateral spread to our model has not been done, but there are no special conceptual difficulties.
The model described here does not include a burnout front, because it was not needed to explain our tests on 2.4 m high walls. It is, however, rather straightforward to add the option in the future.
CONCLUSIONS
The large-scale tests with a diffusion burner against a wall have shown that the upward flame spread on a vertical combustible surface depends not only on the product but also on the thermal properties of the substrate. For particle board and wood panels on an insulating substrate the flame spreads upward, retreats and then spreads upward again. In a high space, where there is no thermal feedback from the upper smoke layer, the flame spread becomes very slow high above the initial ignition source. The fire will probably die out on its own if the initial ignition source is removed or burns out. It is therefore quite possible that wood products in high rooms do not create as large a hazard as they do in smaller rooms with the assumption that the contents of the building do not provide too big an ignition source.
In these tests the experimental results showed that the flame height of a gas burner against a wall was represented slightly better by a linear function of the RHR than by a function with a 213-power dependence on RHR.
The numerical flame spread model has proven to be able to account for the rate of heat release as a function of time with reasonable accuracy. The model can be directly applied to estimate the potential for flashover due to a fire spreading on a wall. By adding a wall plume model, it can be further developed into a sub-model for general purpose zone models.
ACKNOWLEDGEMENT
The work was funded by Suomen Puututkimus Oy, TEKES (Technology Development Centre).
